Background Maternal vitamin D status in pregnancy is a suggested determinant of bone-mineral content (BMC) in off spring, but has been assessed in small studies. We investigated this association in a large prospective study.
Introduction
Vitamin D is essential for the maintenance of calcium homoeostasis and regulation of bone mineralisation. 1 Defi ciency in children can lead to rickets, and in adults it is related to osteomalacia, osteoporosis, and risk of fractures. 2, 3 Lowered concentrations of vitamin D during pregnancy are suggested to be related to low bonemineral content (BMC) in off spring. 4 If this association is true, it is relevant to public health, as up to 70% of otherwise healthy pregnant women have insuffi cient concentrations (most commonly defi ned as lower than 50·0 nmol/L) of 25-hydroxyvitamin D (25[OH]D). 5, 6 This association has been assessed in three small (fewer than 200 participants) studies. One suggested a nega tive association (low maternal 25[OH]D but high off spring BMC), 7 another a positive association, 4 and a third a null association. 8 We did a large prospective study to investigate whether there is an association between maternal 25(OH)D concentrations in pregnancy and off spring BMC. We also aimed to assess whether the association is mediated by the child's own 25(OH)D concentration, which relates directly to BMC. 9 Additionally, we tested the hypothesis that the third trimester is a sensitive period for bone mineralisation by 25(OH)D. 4 ,10,11
Methods

Participants
The Avon Longitudinal Study of Parents and Children (ALSPAC) is a prospective population-based study that recruited a cohort of 14 541 pregnant women resident in southwest England with delivery expected between April 1, 1991, and Dec 31, 1992.
12, 13 13 678 singleton liveborn infants resulted from these pregnancies. For this study, eligible participants were mother-and-singletonoff spring pairs in which the mother had valid results for 25(OH)D concentrations in preg nancy and off spring had undergone dual-energy x-ray absorptiometry (DXA) at age 9-10 years. We obtained ethics approval for this study from the ALSPAC law and ethics committee and the local National Health Service research ethics committee. Participants provided written informed consent.
Measurement of vitamin D concentrations and bone-mineral content
Maternal non-fasting blood samples taken as part of routine antenatal care were collected and stored initially at -20°C, and then at -80°C, with no further freeze-thaw cycles, until the time of 25(OH)D measurement. Serum samples could be from any stage of pregnancy. If a woman had more than one result, we used the latest. The dates of blood sampling were obtained from medical records and verifi ed from the freezer storage data to enable calculation of gestational age at the time of maternal 25(OH)D measurement and adjustment for seasonality. Serum samples from off spring obtained during the clinic visit at age 9-10 years were also assessed. Serum 25(OH)D concentrations for mothers and offspring were measured with high-per formance liquid chromatography tandem mass spec trometry with an internal standard (appendix p 1), 9, 14 in one laboratory, in accordance with the performance target set by the Vitamin D External Quality Assessment Scheme advisory panel. We calculated 25(OH)D concentrations in each trimester of pregnancy and overall. We also calculated a measure of 25(OH)D that was adjusted for seasonality (appendix pp 1-3).
DXA scans were obtained with a Lunar Prodigy scanner (GE Healthcare, London, UK), as described elsewhere. 15 We used mean diff erences (per 10·0 nmol/L or per category of 25[OH]D) in total body less head (TBLH) and spinal BMC as our primary outcomes because maternal pregnancy 25(OH)D concentration is hypothesised to aff ect BMC. We also investigated associations with bonemineral density, bone area (with and without adjustment for height), and bone-area-adjusted BMC (appendix p 1).
Statistical analysis
We used medians (IQRs) and proportions to describe all variables for included mothers and off spring, and for those excluded because of missing data (maternal 25(OH)D concentration or off spring BMC results). Diff erences between included mother-and-off spring pairs and those excluded because of missing data were investigated with t tests for continuously measured variables (with those variables that were right-skewed being logged) and χ² tests for categorical variables. Pearson's correlation coeffi cients were used to assess whether maternal 25(OH)D concentrations in diff erent trimesters were associated with each other, and also whether they were associated with off spring 25(OH)D concen trations.
We used linear regression to explore associations between maternal 25(OH)D concentration in pregnancy and off spring BMC: model A was minimally adjusted and included maternal age and off spring age and sex (we do not report results of completely unadjusted associations because they were not notably diff erent from these); model B was the main confounder-adjusted model, and was model A plus adjustment for maternal education, parity, ethnic origin, smoking during pregnancy, and body-mass index before pregnancy; model C was model B plus adjustment for potential mediation by off spring growth and size (birthweight, gestational age, and off spring height, lean mass, and fat mass); and model D was model B plus adjustment for potential mediation by off spring 25(OH)D concentrations (appendix p 3). Mediation was explored by comparison of the confounder-adjusted models with and without the addition of potential mediators. Diff erences in associations between female and male off spring were tested in all models by the inclusion of interaction terms for sex. Non-linearity was tested with quadratic and cubic polynomials and explored by examination of associations between adult categories of 25(OH)D concentrations (suffi cient, 50·00 nmol/L or higher; insuffi cient, 49·99-27·50 nmol/L; defi cient, lower than 27·50 nmol/L), which are based on cutoff points that have been most commonly used in previous studies of pregnant women. 5 An important source of 25(OH)D is synthesis in the skin in response to exposure to ultraviolet B, and 25(OH)D concentrations show a strong sinusoidal pattern with date of blood collection-ie, concentrations are lower in participants whose samples were collected during winter months than are those in participants whose samples were collected during summer months (appendix pp 1-3). This pattern was modelled with a sine-cosine regression model. We derived a variable that adjusted each woman's total 25(OH)D concentrations to the date corresponding to her trimester midpoint (fi rst trimester, 6 weeks; second trimester, 20 weeks; third trimester, 34 weeks). To investigate associations between timing of maternal 25(OH)D concentration and off spring BMC, we stratifi ed the participants by trimester. We assessed whether there See Online for appendix was statistical evidence for a diff erence in the associations between trimesters by exam ining the association in the whole sampleand including an inter action term between trimester of assessment of maternal maternal 25(OH)D concentrations. We generated predicted third-trimester 25(OH)D concen trations for all women, by adjustment of maternal 25(OH)D concentration to 34 weeks' gestation, irrespective of when the blood samples were taken. A fi nal variable was generated that adjusted for seasonality, to obtain a marker of habitual 25(OH)D concentration, by use of the residuals from the sine-cosine regression models. Similar trigonometric models were fi tted to the off spring data to adjust for season, as previously described (appendix pp 1-3). 9 Additionally to the main analyses of the relations between maternal pregnancy 25(OH)D concentrations and off spring BMC and other bone outcomes, we investigated whether the previously resported association between estimated third-trimester exposure to ultraviolet B and off spring BMC 16 was present in this study sample and whether it was mediated by maternal third-trimester 25(OH)D concentration.
To increase effi ciency and keep selection bias to a minimum, we used multivariate multiple imputation (Stata, version 11 MP2) to impute missing values of covariables for eligible participants, according to the method described by Royston. 17 The amount of missing data varied from 0 to 16% for any single variable. 72% of had complete data for TBLH BMC and 72% had complete data for spinal BMC (appendix p 4). The distributions of the variables with missing data did not diff er substantially between participants with observed data and those with imputed data (appendix p 4). The associations between maternal 25(OH)D concentrations and off spring BMC and other bone outcomes obtained from analyses in those with complete data on all covariables did not diff er substantially from the same associations obtained from analyses in the multivariable multiple-imputed datasets (appendix p 5).
Roles of the funding sources
The sponsors of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report. The corresponding author had full access to all the data in the study and had fi nal responsibility for the decision to submit for publication. (table 1) .
Compared with eligible participants, the mother-andoff spring pairs who were excluded because of missing maternal 25(OH)D or off spring BMC values had mothers who were younger, had lower educational attainment, were more likely to be of non-white ethnic origin, to have already had at least two previous pregnancies, and to A linear association was noted between maternal age and maternal 25(OH)D concentration, such that older age was associated with higher 25(OH)D concentrations in the second and third trimesters than was younger age, and greater parity was associated with higher 25(OH)D concentration in the third tri mester (appendix p 8). Non-white mothers had lower 25(OH)D levels, particularly from the second trimester onwards, than white mothers, and those who smoked during pregnancy had lower 25(OH)D across all trimesters than non-smokers. Maternal body-mass index before pregnancy and education were not associated with 25(OH)D concentrations in pregnancy.
Maternal 25(OH)D concentration, in any trimester of pregnancy, was not associated with off spring BMC. These null associations were similar in all multivariable models and when 25(OH)D was seasonally adjusted (fi gure 2, table 2). Mean off spring BMC was similar in the off spring of mothers with insuffi cient and defi cient levels of 25(OH)D in the third trimester, compared with values for off spring of mothers with suffi cient levels (table 3) . Sensitivity analyses in which the threshold for suffi cient 25(OH)D concentration was changed to 75·0 nmol/L also showed no association. Tests of non-linear relationships across the maternal 25(OH)D suffi ciency categories and higher-order polynomials were null (table 3) .
No maternal 25(OH)D measurement in any trimester, with or without seasonal adjustment, was associated with any off spring bone outcomes in any of the multivariable models (appendix pp 9-13). Mean bone outcomes were similar in off spring of mothers with defi cient or insuffi cient 25(OH)D concentrations to those in mothers with suffi cient concentrations (appendix pp [10] [11] . A measure of cumulative 25(OH)D in the last 10 weeks of the 3rd trimester similarly had null associations with all outcomes (results available from authors on request).
Data suggested that associations between maternal 25(OH)D concentra tions in the second and third trimesters and off spring BMC diff ered for girls and boys. In the confounder-adjusted models, higher maternal 25(OH)D con centrations were associated with BMC in girls, but with higher BMC in boys (fi gure 3). This diff erence between the sexes, however, was com pletely explained by mediation by off spring charac teristics. Specifi cally, this interaction was mediated by a diff erence in the relation between maternal 25(OH)D concentration in pregnancy and off spring height and lean mass for girls and boys. The diff erence in BMC between the sexes disappeared with adjustment for either of these features alone. Similar patterns of diff erences between boys and girls were also seen with TBLH adjusted bone area, but there were no other such interactions with maternal 25(OH)D concentrations for off spring bone outcomes in any models.
Estimated exposure to ultraviolet B in the third trimester was positively associated with TBLH BMC (table 4) . When we adjusted for off spring age at the time of bone measurements, however, these associations became null. Associations between estimated exposure to ultraviolet B and all other bone outcomes were also null after age was taken into account (appendix p 14). Reassessment of the previously reported sample 16 showed that adjustment for off spring age completely attenuated all the associations to null. This removal of the association with adjustment for age occurred because estimated third-trimester exposure to ultraviolet B in the ALSPAC cohort is associated with off spring age at the time of BMC assessment (mean diff erence in age 1·2 months per 1 SD increase in estimated exposure to ultraviolet B (95% CI 1·1-1·3, p<0·0001).
Discussion
In this large prospective study, we found no evidence that maternal 25(OH)D concentration in any trimester of pregnancy was associated with off spring BMC or other bone outcomes at a mean off spring age of 9·9 years. The positive association we reported previously between estimated ambient exposure to ultraviolet B in the third trimester of pregnancy and off spring BMC and BMD at age 9·9 years 16 seems to be fully explained by off spring age at the time of DXA. Ordinarily, we would not expect diff erences between children's ages to be associated with the mothers' potential exposure to sunlight towards the end of pregnancy. For this reason, in our previous report we did not judge the children's ages at the time of BMC assessment to be a confounder and, therefore, did not control for this feature. We now realise that off spring age in this study is associated with mothers' estimated exposure to ultraviolet B in the third trimester, owing to a quirk in the dates when off spring had their BMC assessed. Those who had been born in the late summer or early autumn (and, therefore, whose mothers were in their third-trimester in the summer months) were more likely to undergo DXA scanning at older average age than children born at other times of year. Childhood age is positively associated with BMC, 8 which is confi rmed by our results from this study: each year of age was associated with 132·0 g (95% CI 115·5-148·8) greater total BMC. As a result of the strong associations between off spring age and maternal estimated exposure to ultraviolet B in the third trimester and off spring BMC, our fi ndings show that age confounds the previously reported associations between these two features. Thus, our fi ndings show that there is no strong evidence that maternal 25(OH)D concentrations in pregnancy are related to childhood BMC.
An important strength of this study is its large sample size, as previous studies included fewer than 200 motherand-off spring pairs (panel). We were able to adjust for several potential confounding factors and to compare associations with maternal 25(OH)D concentrations in diff erent trimesters. Some previous studies have only reported associations for logged maternal 25(OH)D concentration; 4, 8 our results were essentially the same after log trans formation (results available from authors on request).
As with other prospective studies, there was loss to follow-up and not all mothers had samples available for assessment of 25(OH)D levels. Children who were excluded mainly had mothers who were younger, less well educated, non-white ethnic origin, and higher parity and were likely to smoke in pregnancy than did included children. Maternal 25(OH)D concentrations and offspring BMC and most other bone outcomes, however, were similar for included and excluded off spring. Around two-thirds (67%) of women in this study had suffi cient concentrations of 25(OH)D in pregnancy. In populations with lower maternal 25(OH)D concentrations, off spring BMC might also be reduced. Nevertheless, we found no diff erence in mean BMC between off spring of mothers who had suffi cient or defi cient 25(OH)D concentrations in pregnancy. A study that reported a positive association between maternal 25(OH)D and off spring BMC found a linear dose-response relation across the whole 25(OH)D dis tribution. 4 Furthermore, the defi nitions of 25(OH)D insuffi ciency and defi ciency are strongly debated, particularly in pregnancy. 18 In one study of 50 mother-and-off spring pairs, lower concentrations of maternal 25(OH)D were associated with higher infant whole-body BMC at age 2 weeks (panel). 7 In a later study of 198 mother-and-off spring pairs, a linear dose-response association was seen between lower maternal 25(OH)D concentrations in the third trimester and lower whole-body and lumbar-spine BMC (panel). 4 In a third study, a positive association was shown between maternal 25(OH)D levels in pregnancy above the median value and off spring tibial BMC at birth (panel). 19 Of note, though, tibial BMC increased at a greater rate postnatally in the off spring of mothers with 25(OH)D concentrations below the median (by 0·062 g/cm, SE 0·029) than did BMC in those whose mothers had 25(OH)D levels above the median; by age 14 months, the BMC values were identical in the two subgroups. 8 The inconsistency in fi ndings might refl ect chance variation around a null value in small studies, as is supported by the null fi ndings in our much larger study. The ages at which outcomes were assessed diff ered between studies, which might also have contributed to inconsistencies. That maternal 25(OH)D concentrations in pregnancy would aff ect BMC at birth and in early infancy seems more plausible than later in childhood. Maternal 25(OH)D concentration in pregnancy is positively cor related with concentrations in cord blood, 20 and maternal 25(OH)D concentration in the third trimester has been suggested to aff ect bone mineral isation in utero. 4, 10, 11 A positive association has been shown between maternal 25(OH)D concentration and BMC at birth, 19 but is not sustained. 8 By contrast, a positive association between maternal 25(OH)D concentration in pregnancy with off spring BMC was found by Javaid and colleagues in children assessed at age 9-10 years. 4 Javaid and colleagues' study and our study have many features in common: both involved cohorts from the south of England, largely of white European origin; levels of maternal 25(OH)D were similar; both measured out comes when off spring were aged 9-10 years; both used DXA to assess BMC; and both adjusted for age as well as a range of potential confounding characteristics. The studies diff er for timing of 25(OH)D measurement: in Javaid and colleagues' study all measurements were made in the third trimester, whereas we included women with measurements from diff erent trimesters. Never theless, our sample of 2046 women with third-trimester values is more than ten times larger than that of Javaid and colleagues (n=198), and we found no evidence of association in this subgroup.
International guidelines have cited the Javaid and colleagues' fi ndings as evidence for the importance of vitamin D supplementation in pregnant women. The magnitude of association in that study (r=0·17-0·21), however, was weak and unlikely to be clinically important for individuals. Assessment of our substantially larger sample suggested no association. We believe, therefore, that there is no strong evidence that pregnant women should receive vitamin D supplementation to prevent low BMC in their off spring, although we cannot comment on other possible eff ects of vitamin D in pregnant women. Furthermore, we have previously shown that off spring 25(OH)D concentrations at a mean age of 9·9 years are prospectively associated with BMC and other bone outcomes assessed at a mean age of 15·5 years in this cohort. 9 Our results should not be interpreted as suggesting that individual 25(OH)D concentrations are not an important determinants of bone health.
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